Normal blood-cell differentiation is controlled by regulated gene expression and signal transduction. Transcription deregulation due to chromosomal translocation is a common theme in hematopoietic neoplasms. AML1-ETO, which is a fusion protein generated by the 8;21 translocation that is commonly associated with the development of acute myeloid leukemia, fuses the AML1 runx family DNA-binding transcription factor to the ETO corepressor that associates with histone deacetylase complexes. Analyses have demonstrated that AML1-ETO blocks AML1 function and requires additional mutagenic events to promote leukemia. Here, we report that the loss of the molecular events of AML1-ETO C-terminal NCoR͞SMRT-interacting domain transforms AML1-ETO into a potent leukemogenic protein. Contrary to full-length AML1-ETO, the truncated form promotes in vitro growth and does not obstruct the cell-cycle machinery. These observations suggest a previously uncharacterized mechanism of tumorigenesis, in which secondary mutation(s) in molecular events disrupting the function of a domain of the oncogene promote the development of malignancy.
C
hromosomal translocations involving transcriptional regulators and͞or signaling molecules are a common theme associated with dysregulation of hematopoiesis. The transcription factor AML1 (Acute Myeloid Leukemia 1, also called RUNX1, CBF␣, and PEBP2␣B) and its heterodimerization partner CBF␤ are frequent targets of genetic alterations or chromosomal translocations in leukemia (1) (2) (3) . A common AML1 involved chromosomal translocation, t(8;21)(q22;q22), is found in 12% of all acute myeloid leukemia (AML) cases, including 40-50% of AML M2 subtype and a small portion of M0, M1, and M4 subtypes [French-American-British (FAB) classification] (4-7). The translocation brings together the DNA sequence encoding the N terminus of the AML1 with nearly all of ETO (eighttwenty-one; also called MTG8 and CBFA2T1) to generate the fusion protein AML1-ETO (8) (9) (10) (11) . AML1-ETO-involved leukemogenesis provides a challenging and excellent model to study cell proliferation and differentiation.
A critical step toward understanding many human pathological processes is to produce the human disease in animal models. Several of the mouse models of AML1-ETO expression that have been developed over the years have shown limited success in reproducing and dissecting molecular mechanisms of t(8;21)-associated AML development. Heterozygous AML1-ETO knockin mice (12, 13) died at the embryonic stage of embryonic day 12.5 (E12.5)-E13.5, failing to establish definitive hematopoiesis. Various subsequent transgenic mouse models that circumvented embryonic lethality did not develop any malignancies (14) (15) (16) , indicating that AML1-ETO alone was not sufficient for leukemia development. Furthermore, by using retroviralmediated AML1-ETO expression and bone marrow transplantation, AML1-ETO alone did not induce AML (17) (18) (19) . However, treatment of MRP8-AML1-ETO transgenic mice (15) and conditional AML1-ETO knockin mice (16) with the DNA alkylating mutagen ENU resulted in the rapid development of a diseased state mimicking human t(8;21)-associated AML. In addition, bone-marrow-transplant experiments using retrovirally transduced cells with the ICSBP (Interferon Consensus Sequence Binding Protein)-deficient background or the coexpression of TEL-PDGF fusion protein cooperated with AML1-ETO in promoting AML in mice (18, 20) . These results strongly support the hypothesis that AML1-ETO associated leukemogenesis requires additional genetic mutation(s).
To investigate the nature of the secondary mutations required for AML1-ETO-mediated leukemogenesis, we performed bonemarrow-transplant experiments by using hematopoietic cells infected with an AML1-ETO-expressing retrovirus. Interestingly, in the absence of any artificially induced mutations, one mouse rapidly developed AML 14 weeks after the bone marrow transplantation. A surprising finding that emerged from this study was that, because of a 1-bp insertion, the leukemic cells expressed a C-terminal 200-aa truncated form of AML1-ETO lacking a critical domain for NCoR͞SMRT and ETO interaction (21) (22) (23) . Unlike its full-length counterpart, the expression of AML1-ETOtr resulted in a rapid onset of leukemia in transplantation-recipient mice. The associated growth-arrest function of AML1-ETO is lost with AML1-ETOtr. In addition, the regulation of cell-cycle regulatory proteins, such as cyclin D3, cyclin A, CDK4, and CDK inhibitors p21 WAF1/CIP1 and p27 KIP1 , by AML1-ETO and C-terminal truncated AML1-ETO are opposed. These results indicated that disruption of molecular events relating to the function of the AML1-ETO C-terminal NCoR͞SMRT interacting domain promotes the onset of t(8;21)-involved leukemogenesis and offers a paradigm to the study genetic events related to cancer development.
Materials and Methods
Generation of AML1-ETO Retrovirus. The blunt ended XbaI fragment of cDNA for hemagglutinin (HA)-tagged AML1-ETO (a gift from M. Ohki, National Cancer Center Research Institute, Tokyo) was subcloned into the HpaI site of MigR1 retroviral vector (24) to form Mig-A͞E (Fig. 1A) . For the production of retrovirus, 293T cells were cotransfected with MigR1 vector or Mig-A͞E and MCV-ecopac (25) by Ca 3 (PO 4 ) 2 precipitation. Retroviral supernatants were harvested 48 h after transfection, filtered through 0.45-m filters, and stored at Ϫ80°C. The quality of the viral supernatant was assessed on total bone marrow cells because Mig-A͞E is toxic to NIH 3T3 cells.
Bone Marrow and Fetal Liver Cells Isolation, Retroviral Transduction, and Transplantation. Bone marrow cells were harvested from MF-1, BALB͞c, or C57 mice 5 days after intraperitoneal injection with 100 mg of 5-fluorouracil (5-FU) per kg of body weight (Sigma). Alternatively, fetal liver cells were harvest from E14.5 embryos. Subsequently, 5 ϫ 10 5 cells were infected with retroviruses by centrifugation (spinoculation) at 1,400 ϫ g for 90 min at 25°C in 2 ml of retroviral supernatant supplemented with 8 g͞ml of polybrene (Sigma). The supernatant was then removed and the cells were resuspended in RPMI medium 1640 (Invitrogen) with 10% FBS (Sigma)͞10 ng/ml IL-3 (PeproTech, Rocky Hill, NJ)͞10 ng/ml IL-6 (Peprotech)͞100 ng/ml stem cell factor (Peprotech). The cells were incubated overnight at 37°C in 5% CO 2 before a second round of infection, followed by an overnight incubation. The efficiency of transduction by the various MigR1-based virus was determined on the basis of green fluorescence by flow cytometry at 24 h after the second round of spinoculation. The recipient mice were lethally irradiated with 1,000 rad in a split dose separated by 4 h. At 24 h after the second round of infection, bone marrow cells or fetal liver cells (4 ϫ 10 5 cells) were transplanted into recipient mice by tail-vein injection. Mice were maintained in sterilized cages for 3 weeks and given acidified water (pH 2.7). The transplantability of the neoplasms was determined by injecting 4 ϫ 10 5 bone marrow cells from the primary diseased mice into sublethally irradiated mice.
Hematological and Histological Analyses, Flow Cytometry, and Southern Blot Analyses. These studies were performed as reported (15) . The levels of peripheral blood hemoglobin were measured with an Hb-Meter hemoglobinmeter (Leica, Deerfield, CT) according to the manufacturer's instructions.
Western Blot Analysis. The blots were incubated with a 1:1,000 dilution of mouse anti-HA (Covance, Princeton); a 1:1,000 dilution of rabbit anti-cyclin D3, anti-cyclin A, anti-p27, and anti-CDK4; a 1:500 dilution of rabbit anti-p21 Waf1 (Santa Cruz Biotechnology); or a 1:500,000 dilution of mouse anti-mouse tubulin (Sigma).
Identification and Subcloning of the AML1-ETO Truncation. The AML1-ETO DNA was isolated from leukemia cells of AML mice transplanted with Mig-A͞E by using PCR. PCR products were subcloned into pGEM-T Easy vector (Promega) and sequenced. Several independent clones were used to characterize the mutation. No mutations were identified other than the reported 1-bp insertion. The C-terminal truncated AML1-ETO expression retroviral construct was created by inserting the BamHI and blunted XbaI fragment of 3Ј end of mutated HA-AML1-ETO cDNA from the AML mouse into BamHI and blunt-ended EcoRI sites in Mig-A͞E to form Mig-A͞Etr.
Analysis of Cell Proliferation and Differentiation. Retroviral infection and cell-cycle analysis were performed essentially as described (26) . The percentage of EGFP ϩ cells was counted every 2 or 3 days. Amphotropic retroviruses were prepared by transfecting 293T cells in a 10-cm plate with 15 g pCL-10A1 (27) and 10 g MigR1 based DNA by using the Ca 3 (PO 4 ) 2 -precipitation method. Retroviruses were harvested 60 h after the transfection. For retrovirus infection, 5 ϫ 10 5 cells were resuspended in 1 ml of retrovirus-containing medium with 16 g͞ml polybrene and spun at 2,250 ϫ g for 2 h. EGFP ϩ cells were sorted 48 h after the initial infection. Cells were harvested 18 h after the sorting for cell-cycle and protein expression analyses. FDCPMix cell culture and differentiation were performed as described by Spooncer et al. (28) .
Results

Leukemia Development in One of the Mice Transplanted with AML1-ETO-Expressing Bone Marrow Cells.
To identify and investigate the role of cooperating mutations in the development of the t(8;21) leukemia, we established a retroviral-mediated AML1-ETO expression and bone-marrow-transplant mouse model by using Mig-A͞E, which expresses HA-tagged AML1-ETO (29) in MigR1 retrovirus vector (24) (Fig. 1 A) . Expression of AML1-ETO alone did not induce leukemogenesis. Most bone-marrowtransplanted mice (Ͼ30 mice in all) had a low percentage of EGFP ϩ cells in peripheral blood. However, surprisingly, after a latency period of only 10 weeks after transplantation, one mouse showed a very rapid increase of EGFP ϩ cells (i.e., AML1-ETOexpressing cells in the peripheral blood, especially at the later stage of its life; Fig. 1B ). The mouse eventually developed symptoms of anemia (Ͻ4 g͞dl hemoglobin) and labored breathing, and it showed increased numbers of immature cells in the peripheral blood. The mouse was killed when it became moribund at 4 weeks after the onset of the disease.
Postmortem examination showed signs of nonlymphoid leukemia, including pale femurs and massive hepatosplenomegaly (0.74 g spleen and 1.96 g liver. The normal spleen and liver are Ϸ0.14 and 1.34 g, respectively). The lymphoid organs (thymuses and lymph nodes) were not affected by the disease. Histological examination revealed extensive infiltrations of immature blast cells in all hematopoietic organs (peripheral blood, spleen, and bone marrow) as well as liver, which destroyed the normal architectures of these tissues ( Fig. 1 C and D) . To assess transplantability of the hematopoietic neoplasm, we injected the leukemic cells from the diseased mouse into secondary recipient mice. These recipient mice also rapidly developed leukemia similar to the primary disease (data not shown).
Flow cytometric analysis showed that 40.9% of bone marrow cells and 75.7% of spleen cells were positive for EGFP and negative for the lymphoid and myeloid differentiation markers CD127, CD3, B220, CD11b, Gr-1, and TER119 (data not shown). The proportion of myeloid progenitors (Lin Ϫ ͞Sca-1 Ϫ ͞ c-Kit ϩ ) was increased greatly in EGFP ϩ cells (Fig. 6 , which is published as supporting information on the PNAS web site). In the bone marrow, 27.8% of EGFP ϩ cells compared with 0.39% of EGFP Ϫ cells were Lin Ϫ ͞Sca-1 Ϫ ͞c-Kit ϩ . EGFP Ϫ cells in this leukemic mouse exhibited an almost normal distribution of three myeloid progenitor populations (Fig. 6) (30) . In contrast, EGFP ϩ fraction in this leukemic mouse lost the typical distribution of these three populations and displayed homogenous expansion of Fc␥RII͞III med CD34 Ϫ cells. The features of the hematopoietic neoplasm suggest the classification of this leukemia as AML without maturation according to the classification of the hematopathology subcommittee of the Mouse Models of Human Cancers Consortium (MMHCC) (31).
A C-Terminal Truncated AML1-ETO Is Expressed in the Leukemic
Mouse. Genomic DNA was isolated from the spleen cells and analyzed by Southern blot analysis with an ETO probe to analyze the integration of the retrovirus ( Fig. 2A) . One major band was detectable in the leukemic mouse, suggesting an expansion of a single proviral clonal population. Surprisingly, Western blot analysis of the spleen extract and antibodies against the HA tag showed a truncated protein (62 kDa) instead of full-length AML1-ETO (84 kDa) (Fig. 2B) . Furthermore, secondary bone-marrow-transplanted AML mice displayed the same 62-kDa AML1-ETO protein as in the primary sample (data not shown). Because of the N-terminal location of the HA tag in AML1-ETO, this result suggested a possible mutation in AML1-ETO that led to the early termination of protein translation. Sequencing of genomic PCR fragments from spleen DNA of both primary and secondary recipient leukemia mice revealed a single-nucleotide insertion in the AML1-ETO DNA sequence (Fig. 2C ). This mutation resulted in a frame shift and the introduction of a stop codon 9 bp downstream of the insertion. These results demonstrate that the production of a shorter C-terminal truncated AML1-ETO protein in the leukemic mouse is due to a 1-bp insertion in the AML1-ETO sequence, and we named this truncated form AML1-ETOtr (A͞ Etr) in the following description. The predicted AML1-ETOtr protein includes AML1-ETO amino acids 1-552, plus four additional amino acids, and it does not include the NHR3 and NHR4 domains that are critical for the repressor activity of ETO and AML1-ETO (Fig. 2D) (21-23, 32 ).
High Penetrance of AML Development with AML1-ETOtr Expression.
We recreated AML1-ETOtr in the MigR1 retroviral vector (Fig.  3A) and confirmed its expression by Western blot analysis (data not shown). Transplantation experiments were performed with MigR1-, Mig-A͞E-, or Mig-A͞Etr-infected bone marrow cells or fetal liver cells adjusted to engraft mice with the same percentage of EGFP ϩ cells. At 3 weeks after transplantation, we monitored the mice for signs of disease, such as elevated EGFP ϩ cells and immature cells, in the peripheral blood. Mice transplanted with cells infected with Mig-A͞Etr rapidly developed leukemia with phenotypes similar to the original diseased mouse (Fig. 3B and data not shown) . Also, similar differential counts of the original leukemic mouse and mice transplanted with MigA͞Etr-infected bone marrow or fetal liver cells were observed ( Tables 1 and 2 , which are published as supporting information on the PNAS web site). Most of their EGFP ϩ ͞Lin Ϫ ͞Sca-1 Ϫ ͞c-Kit ϩ splenocytes are Fc␥RII͞III med CD34 Ϫ , as in the original leukemic mouse shown in Fig. 2 (data not shown) . The first Mig-A͞Etr mouse became moribund with leukemia 9 weeks after the transplantation. The median survival time of Mig-A͞ Etr-transplanted mice (n ϭ 27) was 20 weeks. The weak oncogenic potential of full-length AML1-ETO was emphasized further because none of the fetal liver-AML1-ETO-transplanted mice (n ϭ 14) developed leukemia. Aside from the lineage markers used in the analysis of the original AML mouse, we found no expression of the megakaryocytic lineage marker CD41 in these AML mice (data not shown). Furthermore, Southern blot analysis with DNA prepared from spleens of seven of these AML mice showed that there was oligoclonal retroviral integration in each sample (Fig. 3C) , indicating there is no association of preferential selection of retroviral integration site and AML1-ETOtr expression in leukemogenesis. However, because the median survival time is 20 weeks, additional mutations may still be necessary for leukemogenesis.
Differential Effects of AML1-ETO and AML1-ETOtr on the Cell Cycle.
Multiple studies in hematopoietic cell lines have indicated the varying effects of AML1-ETO on cell cycle, apoptosis, and differentiation (33) . To compare the effects of AML1-ETO and AML1-ETOtr on cell proliferation, hematopoietic K562 cells were infected with MigR1, MigA͞E, and MigA͞Etr. The frequency of EGFP ϩ cells was used to measure the relative proliferation of retrovirally infected cells to noninfected cells. A decrease of the percentage of EGFP ϩ cells in MigA͞E-infected cells was observed (Fig. 4A) . In contrast, retroviral vector MigR1-and MigA͞Etr-infected cells did not show such a negative effect on proliferation (Fig. 4A) . EGFP ϩ K562 cells were isolated by fluorescence-activated cell sorting, and they underwent cell-cycle analysis (Fig. 4B) . Only MigA͞E-infected cells showed a much higher percentage of cells in the G 0 ͞G 1 phase of the cell cycle, indicating the blockage of G 1 -to S-phase transition. These data indicate that, in contrast to AML1-ETOtr, AML1-ETO causes growth arrest.
Cyclin D3 and p21 WAF1/CIP1 are two critical regulators of the cell cycle, and their promoters are known targets of AML1 (34 -36) . Therefore, we studied their expression in sorted EGFP ϩ cells. Compared with MigR1 cells, AML1-ETO cells showed a decrease of cyclin D3 expression (Fig. 4C) . AML1-ETOtr cells had a similar level of cyclin D3 to MigR1 cells (Fig.  4C) . Both AML1-ETO and AML1-ETOtr cells showed a similar increase in p21 WAF1/CIP1 expression (Fig. 4C) . We further analyzed other cell-cycle-related proteins by Western blot analysis in these sorted K562 cells. Cyclin A and CDK4 levels were decreased, and p27 KIP1 was increased, in AML1-ETO cells (Fig.  4D) . Cyclin D1 expression was the same in MigR1-, MigA͞E-, and MigA͞Etr-infected cells (data not shown). These observations suggest that the increased levels of both CDK inhibitors (p21 WAF1/CIP1 and p27 KIP1 ) and the decreased levels of cyclin D3, cyclin A, and CDK4 contribute to the growth arrest induced by AML1-ETO.
To analyze the effect of AML1-ETO and AML1-ETOtr on cell differentiation, MigR1-, MigA͞E-, and MigA͞Etr-infected FDCPMix cells (IL-3-dependent multipotent hematopoietic stem cell line) were stimulated for neutrophil differentiation (28) . Both AML1-ETO-and AML1-ETOtr-expressed cells showed similar block of differentiation (Fig. 7 , which is published as supporting information on the PNAS web site), indicating that AML1-ETO and AML1-ETOtr have a similar capacity to delay myeloid cell differentiation, although they have different effects on cell proliferation.
Discussion
Analyses of various AML1-ETO-expression mouse models indicate that AML1-ETO is necessary but not sufficient, requiring additional mutations for leukemogenesis. Here, we report that AML1-ETO, without its C-terminal 200 aa, strongly promotes leukemia development. The short time interval required for leukemia development with AML1-ETOtr indicates that the C-terminal region of AML1-ETO has negative effects on cell transformation. Additional mutations required for AML1-ETO leukemogenesis could either directly or indirectly block such negative effects of the AML1-ETO C-terminal region. This hypothesis is further supported by the negative effect of AML1-ETO C-terminal region on cell proliferation, in which AML1-ETO and AML1-ETOtr differentially regulate cell-cycle protein levels and cell-cycle progression. Additional studies did not reveal any obvious difference of AML1-ETO and AML1-ETOtr in nuclear localization and oligomer formation (data not shown). The substantial different effects of full-length and truncated AML1-ETO on leukemogenesis and cell proliferation indicate that the ETO portion of AML1-ETO fusion protein can be separated into different functional domains regarding hematopoietic cell proliferation and differentiation. This article provides an angle to study AML1-ETO in leukemia development by using additional biochemical approaches.
We reported (15) that transgenic mice with myeloid-specific MRP8-directed AML1-ETO expression and additional mutations induced by ENU developed AML. Increased numbers of CD11b ϩ Gr-1 Ϫ cells were detected in both blood and bone marrow cells from these mice. Furthermore, we also observed a block of myeloid progenitors at the transition between CMP to GMP with Fc␥RII͞III med CD34
ϩ myeloid progenitor cells ( Ϫ . Such a pattern of surface-marker expression is characteristic of myeloid progenitors but does not exactly define typical CMP, GMP, or MEP. Because the EPO receptor but not the G-CSF receptor was detected in these cells and MPO expression was detected only in some of the leukemia samples (data not shown), the leukemia blasts may have more characteristics of MEP. In fact, AML1-ETO has been reported to block erythroid differentiation of K562 cells and primary human erythroid cells (37, 38) . The different experimental strategies used to create these two AML mouse models may explain the phenotypic variations observed between them. This study used the murine stem cell virus as a vehicle, targeting AML1-ETOtr expression in early stem cells and progenitor cells, whereas in the previous study, MRP8-AML1͞ETO expression occurred later in the hematopoietic pathway. Also, the mutations induced by the treatment of ENU in the MRP8 study could also account for the differences in leukemic phenotype observed between the two models. Furthermore, in the MRP8-AML1͞ETO model, the induced mutations may block the function of the AML1-ETO C-terminal domain only partially, whereas in the current model, the whole C-terminal domain of AML1-ETO is missing.
Also of interest, we also detected the expression of a 60-kDa form of a C-terminal truncated AML1-ETO protein as the only expressed form of AML1-ETO from another leukemic mouse. This mouse was transplanted with cells infected with full-length AML1-ETO retrovirus (data not shown). The leukemic phenotype of this mouse was similar to AML1-ETOtr mice. However, we were not able to detect any DNA mutation to explain the shorter version of AML1-ETO. It is possible that this 60-kDa protein was generated because of the abnormal expression of a protease in early hematopoietic progenitors. Such a possibility is well supported by a recent report from Lane and Ley (39) in which neutrophil elastase is involved in the cleavage and development of PML-RAR␣-fusionprotein-induced acute promyeloid leukemia.
The most striking characteristic of AML1-ETOtr is the lack of a C terminus of ETO containing the NHR3 and NHR4 domains. Three groups independently reported a critical role involving NHR4 in ETO interaction with the transcription corepressors NCoR and SMRT (21) (22) (23) . Such interactions allow AML1-ETO to form complexes with histone deacetylase (HDAC)-blocking AML1 target-gene expression. Because AML1-ETOtr does not contain this important region for interacting with NCoR͞SMRT and is more potent in leukemogenesis, it is necessary to consider additional mechanisms of leukemogenesis for AML1-ETO. The remaining ETO portion of AML1-ETOtr also interacts directly with negative regulators (40, 41) . These interactions may contribute to the remaining negative effect of AML1-ETOtr on AML1 target-gene expression. Although most studies support the fact that AML1-ETO dominantly blocks AML1 function, some reports suggest that AML1-ETO also activates gene expression either in the absence or in the presence of AML1 (42) (43) (44) . Furthermore, the ETO portion of AML1-ETO also interacts with PLZF, Gfi-1, and E proteins (40, 45, 46) . Such interactions dysregulate the normal function of these factors and may contribute to leukemogenesis independently of AML1-ETO DNA-binding activity. Therefore, AML1-ETO properties may extend beyond dominant-negative repressive functions related to AML1 target genes in leukemogenesis.
Alternatively spliced forms of AML1-ETO transcripts have been described in t(8;21) AML-patient samples (47) (48) (49) (50) . Their involvement in leukemogenesis has been overlooked. Interestingly, Wolford and Prochazka (51) described an abundantly expressed and alternatively spliced transcript of ETO resulting from the inclusion of a 155-bp exon (designated exon 9a). The predicted AML1-ETO protein using exon 9a (AML1-ETO9a) has 575 aa and does not include the NHR3 and NHR4 domains, making it almost identical to AML1-ETOtr.
AML1-ETO suppresses both cell proliferation and differentiation (26) . The negative effect of full-length AML1-ETO on the cell cycle does not favor leukemogenesis. Here, we show that AML1-ETOtr did not have a negative effect on the cell cycle (Fig. 4) . Most importantly, such different effects on the cell cycle between AML1-ETO and AML1-ETOtr are linked directly to their effects on the expression of cell-cycle regulators. p21 WAF1/CIP1 and p27 KIP1 are potent repressors of the G 1 ͞S transition when associated with cyclin A͞E-CDK2, and p21 WAF1/CIP1 is a positive regulator for the G 1 ͞S transition when in complex with cyclin D͞CDK4 (34) . One of the important roles of cyclin D in cell-cycle regulation is to sequester p21 WAF1/CIP1 away from cyclin A͞E-CDK2 (34) . Therefore, the combinatory effects of increased p21 WAF1/CIP1 and p27 KIP1 accompanied by decreased cyclin D3 and cyclin A due to full-length AML1-ETO expression are indicative of the molecular events required for the observed delay of cell cycle. These changes in cell-cycle regulatory proteins are not associated with AML1-ETOtr, thereby allowing a permissive situation for AML1-ETOtr to promote leukemia (Fig. 5) . The observation that a truncated form of AML1-ETO could act as a dominant factor in promoting AML is an example in the understanding of tumorigenesis in which the loss of molecular events associated with the function of the C-terminal NCoR͞SMRT-interacting domain of AML1-ETO promotes beneficial conditions for t(8;21) leukemogenesis. Various scenarios could be envisioned for such loss of molecular events by After the acquisition of the t(8;21) chromosomal abnormality, AML1-ETO suppresses both cell proliferation and differentiation by means of the change of the expression of cell-cycle and differentiation regulators. Such dichotomous effect is not sufficient for leukemogenesis. Additional mutations are required to promote leukemia. These mutations could directly or indirectly affect molecular events associated with the function of AML1-ETO C-terminal NCoR͞SMRT interacting domain, including the change of the expression of cell-cycle regulators, such as CDK4, cyclin D3, and p27 kip1 , to release the negative effect of full-length AML1-ETO to cell cycle and promote leukemia development. Such mutations may result in the expression of AML1-ETO without its C-terminal portion (such as alternative RNA splicing or DNA point mutation), disruption of the interaction of AML1-ETO C-terminal region with its binding partners (such as NCoR and SMRT), dysregulated expression of AML1-ETO target-gene expression (such as p21), or changes of signaling pathways further downstream from the primary AML1-ETO targets.
additional mutations leading to (i) the dysfunction of AML1-ETO C-terminal domain by truncations or mutations in AML1-ETO directly, (ii) the reduction of factor(s) physically interacting with the C-terminal domain of AML1-ETO, or (iii) changes of signaling pathways further downstream of AML1-ETO C-terminal domain (Fig. 5) . All of these possible changes can reduce the negative effect of AML1-ETO C-terminal region on leukemia development and facilitate t(8;21) associated neoplasm. Therefore, AML1-ETO Cterminal deletion is not the only possible additional mutation related to the dysfunction of the C-terminal domain. The next challenge in understanding t(8;21) associated leukemogenesis would be to characterize the signaling pathways related to multiple functional domains of AML1-ETO.
